Objective: To examine objective versus self-reported energy intake changes (∆EI) during a 12month diet intervention.
Introduction
Diet assessment instruments that rely on self-report, such as 24-hr recall, are known to substantially underestimate energy intake (1) . However, repeated self-reported measurements could possibly track changes in energy intake accurately if the measurement bias is roughly constant for each subject. For example, if a person habitually eats a weight maintenance diet of 2500 kcal/d then their 24-hr recall might under-report eating only 1900 kcal/d. If they consistently underestimated their energy intake, then after starting a weight loss diet program they might report eating 1400 kcal/d whereas they actually consumed 2000 kcal/d. Their reported absolute energy intake would still be 600 kcal/d too low, but the self-reported change in energy intake of 500 kcal/d would be accurate. It is presently unknown whether people can accurately report changes in energy intake during a weight loss intervention.
We recently validated an objective mathematical method for calculating energy intake changes over time using only information about age, sex, height, and repeated measurements of body weight (2) . Here, we applied this method to data from the Diet Intervention Examining The Factors Interacting with Treatment Success (DIETFIITS) randomized weight loss trial (3) and compared the model-calculated energy intake changes with self-reported values determined by repeated 24hr recalls.
Methods
We used data from 414 subjects in the DIETFITS study (209 subjects randomized to the lowcarbohydrate diet and 205 subjects randomized to the low-fat diet) with complete body weight data at all clinic visits. As previously described (3), weight was measured by digital scale at the Stanford Clinical Translational Research Unit and self-reported dietary intake was assessed using 3 unannounced 24-hour multiple-pass recall interviews (2 on weekdays and 1 on a weekend day) administered before the intervention and again after approximately 3, 6 and 12 months. Selfreported body weight was also recorded when subjects participated in the 22 instructional sessions over the course of the year. Participants were randomized to the low-carbohydrate or low-fat diet groups and were instructed reduce intake of total fat or digestible carbohydrates to 20 g/d during the first 8 weeks and then slowly add fats or carbohydrates back to their diets in increments of 5 to 15 g/d per week until they reached the lowest level of intake they believed could be maintained indefinitely.
As previously described (2), we used a linearized mathematical model of body weight dynamics solved for the average change in energy intake as compared to a weight-maintaining baseline diet, ΔEIModel, as a function of body weight and its rate of change as follows:
We used the initial age, sex, and height, along with an assumed initial free-living physical was the number of body weight measurements per interval and T was the number of days between measurements. When clinic weights were used, N=2 for all periods and T=90 days for the first and second 3-month periods and T=180 days for the final 6 months. When self-reported weights were used, we specified the interval lengths of t=30 days, t=60 days, and t=90 days to calculate the average ΔEIModel and the values for N and T were calculated using the available data on each subject in the corresponding time interval. In the figures, ΔEIModel values were plotted at the midpoint time of the averaging interval.
Statistical analysis was performed using a paired, two-sided t-test with significance declared at the p<0.05 threshold. The data are reported as mean±SE.
Results

Figure 1A
shows the mean weight changes measured at the clinic visits and Figure 1B illustrates the model-based measurements as well as the self-reported measurements of energy intake change. After 3 months of the intervention, ∆EI24hrRecall =-641±31 kcal/d which was significantly lower than ∆EI24hrRecall=-547±32 kcal/d at 6 months (p<0.0001). At 12 months, ∆EI24hrRecall=-500±31 kcal/d and was similar to the value at 6 months (p=0.05) indicating a relatively persistent and substantial reduction of energy intake.
In contrast, the model-based calculations demonstrated that energy intake changes followed an exponential time course shown in Figure 1B . Using the clinic weights, ∆EIModel was -804 ±27 kcal/d over the first 3 months. Over the next 3 months, ∆EIModel=-279 ±20 kcal/d indicating a substantial relaxation of calorie restriction (p<0.0001) which was again relaxed to ∆EIModel=-65 ±14 kcal/d between 6 and 12 months (p<0.0001).
Figure 2A
shows the mean clinic weight changes in the low-carbohydrate and low-fat diet groups which were significantly different at 3 and 6 months, but not at 12 months. Self-reported energy intake was not significantly different between low-carbohydrate and low-fat diet groups at any time point (Table 1 ). However, model-based calculations using the clinic weights found that energy intake decreased over the first 3 months by 162±53 kcal/d more with the lowcarbohydrate diet group as compared to the low-fat diet (p=0.002), but there were no significant differences at later times. Figure 2B shows that ∆EIModel followed a similar exponential pattern regardless of diet, but the low-carbohydrate diet led to larger early reductions in calorie intake that were not sustained. Weight change at 6 months was correlated with ∆EIModel averaged over 3-6 months (r=0.85;
p<0.0001), and 0-3 months (r=0.87; p<0.0001) and weight change at 3 months was correlated with ∆EIModel averaged over 0-3 months (r=1; p<0.0001) (not shown). In contrast, ∆EI24hrRecall
was only weakly correlated with contemporaneous weight losses at 3-months (r=0.18; p=0.01) and 12-months (r=0.18; p=0.01) and only for the low-fat diet.
Discussion
This study demonstrates that the energy intake bias calculated by self-reported 24hr recall was not constant over time in subjects participating in a low-fat versus low-carbohydrate diet intervention for weight loss. Rather, biases in self-reported energy intake become progressively larger such that early assessments of ∆EI24hrRecall were closer to ∆EIModel as compared to later measurements. Whereas the ∆EI24hrRecall measurements suggested a relatively persistent change in energy intake over time, the calculated average ∆EIModel exhibited a large initial reduction in energy intake that exponentially decayed towards baseline over time. The low-carbohydrate diet resulted in significantly greater early reductions in energy intake, with correspondingly greater early weight losses as compared to the low-fat diet, but these diet differences were not sustained.
The exponential pattern of model-calculated energy intake with both diets is consistent with subjects exerting a relatively persistent effort to adhere to the diet intervention in the face of progressively increasing appetite in proportion to lost weight (4, 5) . The self-reported reductions in energy intake were likely more representative of their persistent dieting efforts rather than indicating substantial sustained reductions in average energy intake.
During the initial stages of the low-carbohydrate diet, participants were instructed to reduce digestible carbohydrates to <20 g/d for the first 8 weeks and slowly add back carbohydrates to the minimum sustainable level (3) . In this early time period, there was a greater reduction in model-calculated energy intake which is consistent with the suggestion that such very low carbohydrate diets suppress appetite by inducing nutritional ketosis (6) . But such short-term reductions in appetite did not result in sustained reductions in energy intake with the lowcarbohydrate diet and long-term weight loss was not significantly different between the diets.
At the end of the 12-month DIETFITS trial, there was a large interindividual variability in weight loss that was associated with the model-calculated energy intake changes at all stages of the intervention. Due to the long time-scale for human body weight to equilibrate to a constant energy intake (7), weight changes over periods of less than a few years are expected to be related to not only current energy intake, but the history of intake changes in the past year or more.
Here, we observed that much of the 12-month weight loss variability was associated with energy intake changes occurring in the first few months as well as at later time points. Thus, studies designed to understand weight loss variability need to account for the dynamic nature of human weight loss.
The major limitation of this study was that we did not use doubly labeled water to measure freeliving energy intake changes by the gold-standard intake-balance method (8) . However, our mathematical method has been validated against the intake-balance method in a two year human calorie restriction study (2) that also exhibited a consistent exponential pattern of energy intake changes over time (9) . However, this previous calorie restriction study did not compare different diets and did not include subjects with obesity (10), so we cannot be certain that the model-based calculations of energy intake were valid in the present study population.
In summary, repeated self-reported measurements of energy intake changes during the DIETFITS weight loss intervention were not accurate. Model-based calculations demonstrated an exponential pattern of energy intake change whereby large early calorie reductions decay back towards baseline over time. Instructions to adhere to a low-carbohydrate diet resulted in greater calorie restriction compared to a low-fat diet in the early phases of the DIETFITS intervention, but these diet differences were not sustained. 
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